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Cell lineages during ascidian embryogenesis are invariant. In a previous study, the developmental fate of each blastomere
during embryogenesis of the ascidian Halocynthia roretzi was analyzed in detail by intracellular injection of a tracer
molecule, horseradish peroxidase (Nishida, H., Dev. Biol. 121, 526±541, 1987). In the present study, the developmental
fates of various larval mesodermal tissues after metamorphosis in H. roretzi were traced by labeling each precursor
blastomere of larval tissues. Mesenchyme cells of larvae gave rise to tunic cells of juveniles. Trunk ventral cells gave rise
to body-wall (atrial siphon and latitudinal mantle) muscle, heart, and pericardium of juvenile. Trunk lateral cells gave rise
to blood (coelomic) cells as well as body-wall (oral siphon and longitudinal mantle) muscle. Larval muscle and notochord
cells did not contribute to juvenile tissues. It was revealed that it is predictable to which juvenile tissue a blastomere of
the 110-cell embryo will give rise. Therefore, in ascidian development, developmental fates after metamorphosis were
almost invariant with regard to cell type of descendants. q 1997 Academic Press
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bryos, and the fates of most blastomeres become restrictedINTRODUCTION
to give rise to a single kind of larval tissue by the 110-cell
stage (Conklin, 1905; Ortolani, 1995; Nishida, 1987).Embryos of most ascidian species develop into swimming
On the other hand, only limited information is availabletadpole larvae and then metamorphose into a sessile adult
on cell lineages during metamorphosis. Willey (1893a,b) de-forms. Tadpole larvae have a notochord situated in their tail
scribed metamorphosis of Ciona intestinalis. Although heregion and a dorsal nerve cord running along the entire length
observed morphological changes of the ®xed samples of vari-of the notochord. These two features represent the basic body
ous stages in detail, it is dif®cult to accurately reconstructplan of all chordates (Kowalevsky, 1866, 1871). Metamorpho-
the origin of adult tissues. Moreover, whether cell lineagessis begins with the rapid resorption of the tail into the head
during metamorphosis are also invariant is not known. Inregion with the subsequent outgrowth of ampullae (Cloney,
the present study, we traced developmental fates of larval1961, 1978; Numakunai et al., 1964). After approximately 1
tissues during metamorphosis and revealed the origins of
month of development from the fertilized egg, a juvenile juvenile organs by labeling larval tissue cells with HRP. The
develops most of the adult organs. Although the overall ap- developmental fates of most ascidian blastomeres at the 110-
pearance of an ascidian adult does not resemble to a verte- cell stage are restricted to produce a single type of larval
brate, gill openings and an endostyle are present. The endo- tissue. Therefore, by injecting tracer molecules into a blasto-
style is thought to be homologous to the vertebrate thyroid mere of a 110-cell embryo, descendants of the labeled single
gland (Goodbody, 1974). Despite many reports that describe type of larval tissue were able to be detected after metamor-
ascidian metamorphosis, the developmental origins of adult phosis. This is an advantage of ascidian development in trac-
ascidian tissues is not known. Therefore, it is important to ing the fate of larval tissues. In the present study, we investi-
study relationships between larval and adult tissues. gated the origin of adult mesodermal tissues from larval
Cell lineages during ascidian embryogenesis were ana- mesodermal cells. The mesodermal tissues of an larva con-
lyzed in detail by intracellular injection of horseradish per- sist of notochord, tail muscle, mesenchyme, trunk ventral
oxidase (HRP) as a lineage tracer molecule (Nishida, 1987). cells, and trunk lateral cells. Adult mesodermal tissues are
The cleavage pattern and the developmental fate of each thought to comprise body-wall muscle, heart, pericardium,
blood cells (coelomic cells), and tunic cells.blastomere is known to be invariant among individual em-
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Injections were performed after con®rming that the membranesMATERIALS AND METHODS
were penetrated by observing changes in the resting membrane
potential. Iontophoresis was conducted at about 127C with a 3-s
Embryos, Larvae, and Juvenile duration depolarizing current pulse of about 1.5 1 1008 A at 1-s
intervals for a total of 1 to 3 min, depending on the volume of theAdults of the ascidian Halocynthia roretzi were collected in the
blastomere. At the tail-bud stage, we con®rmed whether tracervicinity of Asamushi Marine Biological Station, Aomori, Japan and
molecules were injected into the correct blastomeres by examiningof the Otsuchi Marine Research Center of the Ocean Research
RDL distributions in the injected larvae using a ¯uorescence micro-Institute, Iwate, Japan. They spawned yellowish, translucent eggs,
scope equipped with G-®lters.about 280 mm in diameter. The large size of the egg facilitates
the injection of HRP into blastomeres during the cleavage stage.
Arti®cially fertilized eggs were raised at about 137C throughout
HRP Histochemical Stainingtheir development. At this temperature larvae hatched about 35 h
after fertilization. Metamorphosis was arti®cially triggered with One month after fertilization, HRP-injected juveniles were
Nile blue B 12 h after hatching (Hirai, 1961). Treatment of larvae ®xed with 4% paraformaldehyde in seawater for 4 h at 207C. Fixed
with 0.1% Nile blue B dissolved in seawater for 2 min promoted juveniles were washed with 0.1 M phosphate buffer (pH 6.4) and
metamorphosis. About 1 month of development from fertilization histochemically stained for HRP using diaminobenzidine as the
was required to complete metamorphosis and develop into a juve- substrate (Muller and McMahan, 1976). The juveniles were prein-
nile that contained most of the adult organs in H. roretzi. cubated in 0.1 M phosphate buffer containing 0.06% diaminoben-
zidine tetrahydrochloride for 30 min. Next, hydrogen peroxide
was added to the solution at a ®nal concentration of 0.01%. The
Follicle Cell Removal reaction progressed for approximately 10 min resulting in the pro-
duction of a brown-colored precipitate. Stained specimens wereIn previous HRP-injection experiments, embryos were devitelli-
dehydrated through an ethanol series, cleared in toluene, and thennated and then cultured in a supernatant produced from cleaving
observed as whole-mount preparations.eggs until they developed into larvae (Nishida, 1987). However,
when this method is used, larval development is arrested during
metamorphosis. One possibility is that test cells present in the
Paraf®n Sectioningperivitelline space are required because previous studies have
shown that they are necessary for the formation of the larval tunic All specimens were ®xed and sectioned for detailed observations
and ®n with normal morphology (Satoh et al., 1982; Cloney, 1990a; of the labeled cells. Stained and cleared specimens were embedded
LuÈ bering et al., 1992). In normal metamorphosis, the larval tunic in paraf®n, sectioned at 6 mm, and attached to glass slides. After
is discarded. But in devitellinated larvae, aberrant larval tunic failed treatment with toluene to remove paraf®n, sections were rehydrated
to be taken off, and remained attached to metamorphosing larvae. and counterstained with 0.25% aniline blue in water for 30 min.
This caused metamorphosis abnormal. We found that larvae could Next they were washed with water, dehydrated using ethanol,
develop normally through metamorphosis when the vitelline mem- cleared in toluene, and mounted in Permount (Fisher Scienti®c, NJ).
brane and test cells were not removed and only follicle cells were
removed from the surface of vitelline membrane to facilitate the
injection of HRP into blastomeres. Follicle cells were removed from
RESULTSfertilized eggs after a 5-min immersion in Millipore-®ltered seawa-
ter that contained 0.05% actinase E (Kaken Co. Ltd., Tokyo; Kusa-
kabe et al., 1995). After rinsing the eggs in seawater, they were Selection of Blastomeres Injected with HRP
cultured for about 35 h to the tadpole larval stage. Some of the
The developmental fates of most blastomeres comprisinglarvae were not able to hatch. In these cases, vitelline membranes
a 110-cell embryo are tissue-restricted; that is, the descen-were removed using sharpened tungsten needles. These larvae de-
veloped into normal juveniles. dants of most blastomeres develop into a single type of
larval tissue. The relatively early fate restriction during as-
cidian embryogenesis facilitate to clearly reveal the origin
Iontophoretic Injection of HRP of adult tissues. First, we started to examine the develop-
mental fates of larval mesodermal tissues. Larval mesoder-Eggs without follicle cells adhered ®rmly to glass coverslips.
mal tissues are notochord, muscle, mesenchyme, trunk ven-Microinjection was carried out by penetrating the vitelline mem-
tral cells (TVCs), and trunk lateral cells (TLCs). Becausebrane using a microelectrode. Because each blastomere was small
(10±50 mm in diameter) at the 64- and 110-cell stages, pressure different blastomeres of a 110-cell embryo that will give
injection and iontophoretic injections were used. Iontophoretic in- rise to the same larval tissue are likely to have the same
jection of cells was performed as previously described by Nishida adult fates, some representatives of larval tissue precursor
(1987). Microelectrodes were pulled from 1-mm (o.d.) thin-walled cells were chosen to label with HRP. In the 110-cell embryo,
capillary tubings with inner ®bers (GDC-1, Narishige, Tokyo) using notochord cells are derived from the A8.5, A8.6, A8.13,
a microelectrode puller (Model PN-3, Narishige). Electrodes had tip A8.14, and B8.6 blastomeres (colored in pink in Fig. 1B).
impedance values of 10±20 Mohm when ®lled with 2% HRP (Type
Among these cells the A8.6 cell was selected to represent1-C, Toyobo Co., Osaka) and 1% dextran tetramethylrhodamine,
a typical notochord precursor cell. Descendant cells of thislysin ®xable (RDL, Cat. No. D-1817 ``Fluoro Ruby,'' Molecular
labeled notochord precursor cells were traced through meta-Probes, Inc., Eugene, OR) dissolved in 0.2 M KCl. Plasma mem-
morphosis. Larval tail muscle cells are derived from thebranes were penetrated by microelectrode using the capacitance
compensation control of the ampli®er to induce tip oscillation. A8.16, b8.19, b8.17, B8.8, B8.7, B8.15, B8.16, and B7.5 blas-
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FIG. 1. (A, B) Fate map of the 110-cell embryo of ascidian Halocynthia roretzi. (A) Animal view, (B) vegetal view. Anterior is up and posterior
is down. Name of each blastomere of bilateral halves is indicated. Cleavage pattern and fate map are bilaterally symmetrical. The color of
the blastomeres corresponds to the color of tissues in tailbud embryos as shown below (C±E). Note that most blastomeres have a single color;
that is, their developmental fates are already restricted to form a single kind of larval tissue. (C±E) Tissue organization of the tailbud embryos
are shown. Anterior is to the left, dorsal is up. (C) Midsagittal section of the embryo. (D) Sagittal section showing the location of mesenchyme,
muscle, trunk lateral cells (TLCs), and trunk ventral cells (TVCs). (E) Cross section through the middle part of the tail.
tomeres (colored in red in Fig. 1B). The B8.8 cell was selected Mesodermal Tissues of 1-Month-Old H. roretzi
Juvenilesto be injected with HRP. Mesenchyme cells are derived
from the B8.5 and B7.7 blastomeres (colored in brown in
Adult ascidian tissues and organs and their physiologicalFig. 1B). Both the B8.5 and B7.7 cells were injected with
functions have been described in detail (for example, seeHRP in the present study. TVCs are derived exclusively
Goodbody, 1974). The morphology of a H. roretzi juvenilefrom the B7.5 blastomere (colored in purple in Fig. 1B), al-
is illustrated in Fig. 2. In Fig. 2A, dorsal is to the right andthough the fate of B7.5 blastomere is not tissue-restricted
it is a lateral view. The holdfast that attaches the organismat the 110-cell stage. B7.5 blastomeres give rise to TVCs
to the substrate is to the bottom of Fig. 2A. Figure 2B showsand muscle cells situated in the tail region. B7.5 cells were
a cross section through the juvenile body and dorsal is toinjected in the present study because it was not possible to
the right. The mesodermal tissues of a juvenile are thoughtinject blastomeres after the next cell division of the B7.5
to include the body-wall muscle, the heart, the pericardialblastomere. A7.6 cells were injected with HRP (colored in
epithelium (pericardium), tunic cells, and blood (coelomic)sky blue in Fig. 1B). All TLCs in larvae are derived from the
cells. Blood cells are not shown in Fig. 2. The body-wallA7.6 and the A7.6 cells will only develop into TLCs.
muscle consists of oral and atrial siphon muscles and a net-The 110-cell embryos and their descendants that produce
like arrangement of longitudinal and latitudinal mantlelarval tissues are bilaterally symmetrical. Blastomeres com-
muscles (Figs. 2D and 2E). These cells are multinucleateprising the right side of the 110-cell embryos were injected
with HRP. and smooth-muscle cells (Shinohara and Konishi, 1982). The
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FIG. 2. (A, B) Diagrams illustrating the anatomy of a H. roretzi juvenile. (A) Lateral view. Dorsal is to the right. Holdfast is to the bottom.
(B) Horizontal section, dorsal is to the right. (C) Cross section of the heart and the pericardium. The inner epithelium is made of heart
muscle cells, while outer epithelium is pericardial epithelium (pericardium). A pericardial cavity lies between the heart and the pericardium.
Heart muscle cells are unicellular, striated-muscle cells (Kalk, 1970). (D, E) Schematic representation of the adult body-wall (siphon and
mantle) muscle. (D) Array of longitudinal mantle muscle and oral siphon muscle. (E) Array of latitudinal mantle muscle and atrial siphon
muscle. They are multinucleate, smooth-muscle cells (Shinohara and Konishi, 1982).
have been caused by the leakage of HRP during ®xation.heart is surrounded by a pericardium. The pericardial cavity
In 79% of the injected juveniles, speci®c patterns of HRPlies between the heart and pericardium and it is the only
staining were observed.coelomic cavity in ascidian (Fig. 2C). Heart muscle cells
Juveniles that developed from uninjected eggs were histo-are unicellular and striated-muscle cells (Kalk, 1970). Tunic
chemically stained for HRP activity as a control. Thecells are scattered throughout the tunic that consists of a
masses of granules in the trunk region situated near thesponge-like matrix containing cellulose-like molecules (De
holdfast were slightly stained. These are presumably rem-Leo, 1977). Ascidians have an open type of blood±vascular
nants of degenerated tail muscle and notochord cells as willsystem. There are two blood vessels, the dorsal and ventral
be described later. Also, part of the pericardium and cilia ofbranchial vessels, but these vessels are hollow tubes made of
the gill-slits were weakly stained (in 5 of 5 cases). Theseconnective tissues without an endothelial lining (Goodbody,
faint signals may have been caused by the endogenous per-1974). The ¯uid residing in the connective tissue is desig-
oxidase activity.nated as ``blood,'' and the free cells within this ¯uid are
Juveniles derived from eggs injected with HRP at the 1-called blood cells in ascidian. In H. roretzi, seven types and
cell stage were stained for activity. In some specimens, all ofone subtype of blood cells were distinguished with respect to
the juvenile cells were stained (in 6 of 13 cases), as expected.their morphology and behavior (Dan-sohkawa et al., 1995).
However, in other specimens, all of the juvenile cells except
for the putative endodermal derivatives (gill and digestive
organs) were stained (in 7 of 13 cases). Endoderm-precursorDetection of Descendants in Juveniles
blastomeres may have inherited less HRP during cleavages
Table 1 shows the number of embryos injected and the due to the presence of large quantities of yolk granules.
number of specimens that normally developed into juve- When either an egg or a blastomere was injected with HRP,
niles. Thirty-three percent of the injected embryos devel- the extracellular matrices of the tunic were sometimes
oped into juveniles. Table 1 also shows the number of speci- stained in 43% of the cases tested. The staining of tunic
mens that showed speci®c staining for HRP. Eight percent matrices was observed regardless of the kind of blastomere
(10 of 127 cases) of the juveniles were not stained, maybe injected with HRP. The leakage of HRP may have caused
because HRP activity was inhibited. Also, there were some these results. The results of the present study are summa-
rized in Table 2 and in Fig. 7.juveniles in which all cells were labeled (13%). This may
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TABLE 1
Survival Rate of the HRP-Injected Specimens
Survival rate c
Blastomere Injectiona Juvenilesb (%) Speci®c stainingd No staining e Ubiquitous staining f
A8.6 44 10 23 7 0 3
B8.8 64 28 44 24 2 2
B8.5 33 22 67 17 4 1
B7.7 63 12 19 12 0 0
B7.5 right 113 26 23 17 2 7
B7.5 left 26 7 27 4 0 3
A7.6 46 22 48 19 2 1
Total 389 127 33 100 10 17
a The number of injected specimens. All embryos were con®rmed to have the tracer in correct tissue cells at the tail-bud stage by red
¯uorescence of RDL.
b The number of normal juveniles obtained.
c ``Juveniles'' divided by ``injection.''
d The number of specimens that showed staining and were not stained ubiquitously.
e The number of specimens that were not stained.
f The number of specimens that were ubiquitously stained.
Descendants of Larval Notochord Cells (Figs. 3A fore, larval notochord cells do not contribute to the young
adult cell population.and 3B)
A row of notochord cells reside in the center of the larval
tail. During metamorphosis, notochord cells are resorbed Descendants of Larval Tail Muscle Cells (Figs. 3C
and 3D)into trunk region. When the A8.6 blastomeres that give rise
only to notochord cells in larvae were injected with HRP, Larval tail muscle cells lie along both sides of the noto-
chord. During metamorphosis, tail muscle cells are alsomasses of granules in the trunk region near the holdfasts
were always stained (in 7 of 7 cases, Figs. 3A and 3B). These resorbed into trunk region, together with notochord cells.
When the B8.8 blastomeres that give rise only to tail musclemasses of granules were located in the space between body-
wall muscle and peribranchial epithelium. The number of cells of larvae were labeled, masses of granules near the
holdfasts were always stained, similar to the cases of noto-the masses of granules varied at around ®ve between each
juvenile. Each stained granule might be fragments of noto- chord labeling (in 24 of 24 cases, Figs. 3C and 3D). The
stained granules in these cases are probably fragments ofchord cells that had been resorbed into trunk region. There-
TABLE 2
Origin of Mesodermal Tissues and Organs of Juveniles
Mesenchyme TVCs and tail muscle
Larval tissues: Notochord Tail muscle TLCs
Blastomere: A8.6 B8.8 B8.5 B7.7 B7.5 right B7.5 left A7.6
Specimens 7 24 17 12 17 4 19
Tunic cells 16 12 1a
Blood cells 3a 13
Longitudinal mantle muscle 13
Latitudinal mantle muscle 17 4
Oral siphon muscle 13
Atrial siphon muscle 17 4
Heart 17 4
Pericardium 17 4
Ciliary epithelium of 1st
and 2nd gill-slits 14
Granules near the holdfast 7 24 4a 17b 4b
a Probably these cases are exceptional because only very few cells were stained in the indicated tissues.
b These granules were likely to be derived from tail muscle cells.
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FIG. 3. Juveniles in which HRP was injected into the A8.6 blastomeres (notochord precursors) (A, B) and the B8.8 blastomeres (muscle
precursors) (C, D) at the 110-cell stages. Specimens were ®xed at the juvenile stage at about 1 month after fertilization and were histochemi-
cally stained for HRP, producing brown-colored products in the descendant cells. (A, C) Whole-mount specimens. The holdfast is down
in (A), and is to the lower right in (C). (B, D) Paraf®n sections. Sections were counterstained using aniline blue. Gr, the mass of granules
near the holdfast. Scale bar, 50 mm.
tail muscle cells. Thus, larval tail muscle cells also do not mesenchyme cells were labeled, stained tunic cells were
evident in juveniles (in 16 of 17 cases, Figs. 4A±4C). Somecontribute to the young adult cell population.
of the tunic cells were sphere-shaped (Fig. 4B), while others
were amoebocyte-like cells showing pseudopodial activity
Descendants of the Mesenchyme Cells (Fig. 4) (Fig. 4B). Labeled tunic cells were scattered throughout the
tunic in most of the specimens that were examined.Mesenchyme cells lie laterally to head endoderm cells
of larvae. When B8.5 blastomeres that give rise to larval When other mesenchyme precursors, such as the B7.7
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FIG. 4. Juveniles in which HRP was injected into mesenchyme precursors, the B8.5 blastomeres (A±C) and the B7.7 blastomeres (D, E),
at the 110-cell stages. (A, B, D, E) Whole-mount specimens. (C) Paraf®n sections. (A) Stained tunic cells are scattered throughout the
tunic. The holdfast is to the right. (B) A higher magni®cation to show the morphology of each tunic cell. (C) A section through the tunic.
Stained tunic cells are present in the tunic matrix. (D) Many tunic cells are stained in the ampullae. (E) Several cells in the connective
tissues are stained in this specimen. Amo, amoebocyte-like cell; Sp, sphere-shaped cell; Amp, ampulla. Scale bar, 50 mm.
blastomeres, were labeled, tunic cells were stained in juve- stage. When the right B7.5 blastomeres that give rise to
TVCs, as well as tail muscle cells, in larvae were labeled,niles (in 12 of 12 cases, Fig. 4D). The labeled tunic cells
were scattered throughout the tunic matrix, except for B7.7 masses of granules situated near the holdfast (Fig. 5C), the
body-wall muscle (Fig. 5A), the heart (Fig. 5C), and the peri-in which many labeled cells were concentrated in the am-
pullae of juveniles. In some specimens (3 of 12 cases), a few cardium (Figs. 5B and 5C) were always stained in the juve-
niles (in 17 of 17 cases).cells in the connective tissue were stained (Fig. 4E).
The staining of granule masses appeared similar to the
granules stained in degenerating larval muscle and noto-
Descendants of the Trunk Ventral Cells (Fig. 5) chord cells, as previously mentioned. Because B7.5 cells
produce larval muscle cells, it is likely that these massesTrunk ventral cells (TVCs) are positioned laterally to the
ventral endoderm (Whittaker, 1990). There are two TVCs of granules are derived from the tail muscle cells. Only the
atrial siphon muscle and the latitudinal mantle muscle cellson each side of the ventral endoderm at the middle tail-bud
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gion at the tailbud stage, and they move in an anterior direc-
tion during larval development. When A7.6 blastomeres,
restricted to produce only TLCs in larvae, were labeled,
cells surrounding the gill-slits (in 14 of 19 cases, Figs. 6A
and 6B), body-wall muscle (in 13 of 19 cases, Figs. 6C, 6D,
and 6E), and blood cells (in 13 of 19 cases, Figs. 6F±6H)
were stained in 1-month-old juveniles. In one case, several
tunic cells were stained.
There are about ®ve (4±6) pairs of gill-slits in a 1-month-
old juvenile. The slit closest to the oral siphon is designated
as the ®rst gill-slit. Cells surrounding the ®rst and second
gill-slits were stained; in contrast, cells surrounding the
other gill-slits were HRP-negative. The stained cells of the
®rst and second gill-slits were probably ciliary epithelial
cells (Fig. 6B). Within the body-wall musculature (Figs. 2D
and 2E), the oral siphon muscle (Fig. 6C) and the longitudi-
nal mantle muscle (Figs. 6D and 6E) were stained. Atrial
siphon muscles and latitudinal mantle muscles were HRP-
negative. The oral siphon muscle cells were deeply stained,
whereas the longitudinal mantle muscle cells were more
faintly stained. In the longitudinal muscle, only a few cells
were stained and the staining was evident in their nuclei
(Fig. 6E). HRP tends to be localized in the nucleus (Nishida,
1997). When the quantity of injected HRP in a cell is low,
the staining appears only in nuclei. Longitudinal muscle
precursors probably inherited a few HRP.
Stained blood cells were located in the connective tissue
cavity of the branchial sac (Fig. 6F) and holdfast (Fig. 6G),
and between the endostyle and the epidermis (Fig. 6H).
Thus, it is suggested that the TLCs in larvae give rise to
ciliary epithelium surrounding gill-slits, body-wall muscle
FIG. 5. Juveniles in which HRP was injected into the B7.5 blasto- (oral siphon and longitudinal mantle muscle), and blood
meres (TVCs precursors) at the 110-cell stages. (A) Whole-mount cells in juveniles.
specimen. The holdfast is to the right. (B) The pericardium is fo-
cused on within the region near the holdfast of the same specimen
DISCUSSIONas shown in (A). (C) A section near the holdfast. la-Mu, latitudinal
muscle; a-Si, atrial siphon muscle; H, heart; Pe, pericardium; Gr,
Granules located near the holdfast, a region of the pericar-the mass of granules near the holdfast. Scale bar, 50 mm.
dium, and cilia of the gill-slits were stained slightly in the
juveniles without the injection of HRP. This suggests that
these cells have low levels of endogenous peroxidase. How-
of the body-wall musculature (Fig. 2E) were stained. In con- ever, the staining derived from injection of HRP was so
trast, the oral siphon muscles and longitudinal mantle mus- strong that it easily could be distinguished from the endoge-
cles were not stained. We examined the possibility that nous staining. Branchial sac and digestive organs derived
the oral siphon and longitudinal mantle muscle are derived
from larval endoderm were not stained in juveniles derived
from the left B7.5 cells. In four cases, the B7.5 blastomeres
from the 1-cell embryos injected with HRP. This result sug-situated in the left side of the embryo were injected. How-
gests that the yolky endoderm precursor cells inherit onlyever, the resulting staining patterns were similar to the
small quantities of HRP during cleavage. The origin of endo-staining patterns observed when right B7.5 blastomeres
dermal derivatives may be studied by injecting tracer mole-were labeled. Also, staining was observed in the granules
cules into a blastomere whose fate is already restricted tonear the holdfast, atrial siphon muscle, latitudinal mantle
endoderm after cleavage stages.muscle, heart, and pericardium when right B7.5 blastomeres
The results of the present study are summarized in thewere injected. In these specimens, the longitudinal muscle
Table 2. This table shows what kind of juvenile tissues andwas not stained. Thus, right and left TVCs of larvae give rise
organs are derived from each larval tissue. It does not meanto body-wall (atrial siphon and latitudinal mantle) muscle,
all of the indicated juvenile tissue were only derived fromheart muscle, and pericardium.
the indicated larval tissues in Table 2. Because there is a
Descendants of the Trunk Lateral Cells (Fig. 6) possibility that the other kind of larval tissue that were
not examined in the present study also contribute to theThe trunk lateral cells (TLCs) are positioned laterally to
the anterior nerve cord (visceral ganglion) in the trunk re- indicated juvenile tissues. In addition, Table 2 shows the
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FIG. 6. Juveniles in which HRP was injected into the A7.6 blastomeres (TLCs precursors) at the 110-cell stages. (A, C, F, G) Whole-
mount specimens. (B, D, E, H) Paraf®n section. (A) Cells around the ®rst and second gill-slits are stained. The holdfast is to the right. (B)
A section through the branchial sac. Epithelial cells with cilia comprising a gill-slit are stained. (C) Oral siphon muscle cells are stained.
(D) Cell body of only one ®ber of longitudinal mantle muscle is stained. (E) Many nuclei of longitudinal mantle muscle are stained. (F)
Blood cells are stained in the branchial sac. (G) Many blood cells are stained within ampullae. (H) Blood cells are stained between the
endostyle and epidermis. CE, ciliary epithelium of the gill-slit; o-Si, oral siphon muscle; lo-Mu, longitudinal muscle; Nu, nucleus of
longitudinal muscle; BC, blood cell; En, endostyle. Scale bar, 50 mm.
descendants of the blastomeres on the right side of the em- ent study suggest that larval mesenchymal cells develop
into tunic cells. This result supports previous studies bybryo except for B7.5 cells.
Larval tail muscle and notochord cells do not contribute Kowalevsky (1892) that blood cells and tunic cells are de-
rived from the progeny of larval mesenchyme cells. Theseto the juvenile tissues, as expected. The results of the pres-
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FIG. 7. Fate map of the 110-cell embryo of ascidian Halocynthia with respect to the mesodermal tissues. (A) Vegetal view of the 110-
cell embryo, anterior is up and posterior is down. (B, C) Tissue organization of the tailbud stage larva. Anterior is to the left, dorsal is up.
(B) Midsagittal section of the embryo. (C) Sagittal section showing position of mesenchyme, muscle, TLCs, and TVCs. (D) Diagram
illustrating the anatomy of a H. roretzi juvenile. Lateral view. Dorsal is to the right. The holdfast is to the bottom. In all ®gures, the
colors of blastomeres, larval tissues, and tissues of juveniles show lineage relationships. The ®lled color in the 110-cell embryo and in
the tailbud stage indicate the labeled cells that were injected in the present study. The hatched color indicates the mesodermal cells that
were not injected but have the same fates as blastomeres ®lled with the same color.
results contrast with the results obtained using another spe- chyme cells actively migrate from the coelom into the tunic
at the onset of metamorphosis (Berrill, 1950; Numakunai etcies that mesenchyme cells differentiate into the heart (De
Selys-Lomgchamps, 1939), the gonads and their ducts (Mu- al., 1964). To further analyze the migration of mesenchyme
cells, mesenchyme cells must be labeled and their move-kai and Watanabe, 1976), and the body-wall muscle cells
(Cloney, 1990b). When B7.7 blastomeres, one of mesen- ments must be traced through metamorphosis. In the pres-
ent study, the mesenchyme cells of the right side were la-chyme precursors, were labeled, a few cells in the connec-
tive tissue were stained in some specimens. It is dif®cult to beled; however, labeled tunic cells were located in both
sides of juveniles. The descendants of the B7.7 cells tendedconclude that larval mesenchyme cells give rise to coelomic
cells in juveniles because of the low frequency and small to be concentrated near the holdfast, while the descendants
of the B8.5 cells were scattered throughout the entire tunic,number of labelled coelomic cells (3 of 12 cases). Thus,
mesenchyme cells in larvae mainly give rise to tunic cells although the boundary between two populations could not
be distinguished. Some of the tunic cells resembled bloodin juveniles. Tunic cells have several different kinds of mor-
phology. Within the tunic of Halocynthia aurantium, two cells with respect to their morphology, suggesting that tunic
cells may be derived from blood cells (Hirose and Mukai,kinds of spherical-shaped cells and two kinds of amoebo-
cytes are evident (Smith, 1970). H. roretzi appears to have 1992). The possibility exists that all of the juvenile tunic
cells are derived from mesenchyme cells, whereas adult tu-similar kinds of tunic cells as H. aurantium. We could dis-
tinguish spherical-shaped cells and amoebocyte-like cells nic cells are developed from the blood cells.
TVCs differentiated into body-wall muscle and heartwithin the tunic. Both kinds of tunic cells were stained
when larval mesenchyme cells were labeled with HRP. If muscle in juveniles. Nishida (1987) showed that the descen-
dants of the B7.5 cell are two tail muscle cells and two cellstunic cells are derived from mesenchyme cells, they would
have to move from within the body into the tunic through on each side in the ventral trunk region. The function of
the latter two cells was not understood at the time of thesethe epidermis. There are reports describing how mesen-
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lineage studies and these cells were thought to be endoderm ent study were ciliary epithelial cells of gill-slits. Four or
®ve gill-slits formed on each side of a juvenile after 1 monthcells. These two cells in Ciona intestinalis express acetyl-
cholinesterase, a muscle cell marker, but they do not ex- of development. The cells of the ciliary epithelium of only
the ®rst and second gill-slits were stained. Therefore, it ishibit alkaline phosphatase activity, an enzyme expressed in
endoderm cells. Therefore, these cells were named ``trunk likely that the origin of the ®rst and the second gill-slits
differs from that of the other gill-slits. Willey (1893a)ventral cells (TVCs)'' (Whittaker, 1990). Whittaker sug-
gested that the TVCs are not endoderm, but instead are the showed in C. intestinalis that the ®rst and the fourth gill-
slits appeared ®rst and then the second and the third gill-precursors for the adult heart. When the TVC precursor
blastomere B7.5 was isolated from embryos at the 110-cell slits were formed by a budding off of the ®rst and the fourth
gill-slits. That is, the ®rst and the second gill-slits have thestage and cultured, the descendants of this precursor cell
did not express endoderm-speci®c alkaline phosphatase in same origin and the third and the fourth gill-slits have the
other origin. The results of the present study are consistentH. roretzi (Nishida, 1992a). Furthermore, a fusion gene com-
posed of an ascidian muscle actin promoter and the coding with Willey's observation. Our results indicate that, at least
in H. roretzi, the ®rst and second gill-slits and the third andsequence for lacZ was sometimes expressed in TVCs, as
well as in tail muscle cells (Kusakabe et al., 1995). These fourth gill-slits may not have a common origin, although
he suggested that the ®rst and the fourth originate from oneobservations support the idea that TVCs are similar to mus-
cle cells. The present results suggesting that TVCs can dif- primitive slit.
Many previous studies have shown that cell lineages dur-ferentiate into body-wall and heart muscle are consistent
with this idea. ing ascidian embryogenesis are invariant. In the present
study, it was shown that the fate of a blastomere, and conse-The present results suggest that the heart and pericar-
dium are derived from TVCs. Willey (1893a) suggested that quently the descendants of each larval tissues, after meta-
morphosis are invariant, at least with respect to the cellthe pericardium is derived from endoderm cells situated
ventral to the pharynx in ascidian Clavelina lepadiformis type of the descendant cells. However, we do not know how
invariant the patterns of labeled cells are regarding theirand C. intestinalis. The results that we obtained in the
present study using H. roretzi contrast with Willey's obser- position and number within the juvenile tissues. The cleav-
age pattern is bilaterally symmetrical during embryogene-vations. The pericardium of the juvenile is derived from
mesoderm and the heart is derived from TVCs situated on sis, and a blastomere on the right side gives rise to tissues
on the right side of a larva. It was interesting to note thatboth sides of the larvae. In the present study, we showed
that TVCs and TLCs give rise to body-wall muscle in a the boundary between the right and left half of a larva was
not maintained during the formation of juvenile mesoderm.juvenile. It has not be previously reported that TLCs can
develop into muscle cells. Most of the body-wall muscle of As clearly shown in this study, the tracing of cell lineages
by injecting HRP into cells is a useful method to understandan adult are likely derived from TVCs and TLCs. However,
because the staining of the longitudinal mantle muscle which larval tissues produce the adult tissues. In a future
study, it will be important to examine the larval origins ofderived from the TLCs was weak and only several cells
were stained, the possibility has not been completely ex- the adult ectoderm, endoderm, and germ cells.
cluded that other larval tissues also give rise to the body-
wall musculature. The latitudinal mantle muscle was de-
rived from the right and left B7.5 cells. The descendants ACKNOWLEDGMENTS
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